A recessive phenotype called spin (spontaneous inflammation) was induced by N-ethyl-N-nitrosourea (ENU) mutagenesis in C57BL/6J mice. Homozygotes display chronic inflammatory lesions affecting the feet, salivary glands and lungs, and antichromatin antibodies. They are immunocompetent and show enhanced resistance to infection by Listeria monocytogenes. TLR-induced TNF and IL-1 production are normal in macrophages derived from spin mice. The autoinflammatory phenotype of spin mice is fully suppressed by compound homozygosity for Myd88 poc , Irak4 otiose , and Il1r1-null mutations, but not Ticam1 Lps2 , Stat1 m1Btlr , or Tnf-null mutations. Both autoimmune and autoinflammatory phenotypes are suppressed when spin homozygotes are derived into a germ-free environment. The spin phenotype was ascribed to a viable hypomorphic allele of Ptpn6, which encodes the tyrosine phosphatase SHP1, mutated in mice with the classical motheaten alleles me and me-v. Inflammation and autoimmunity caused by SHP1 deficiency are thus conditional. The SHP1-deficient phenotype is driven by microbes, which activate TLR signaling pathways to elicit IL-1 production. IL-1 signaling via MyD88 elicits inflammatory disease.
the lungs, skin, and extremities, and elevated concentrations of serum immunoglobulins and autoantibodies (10) (11) (12) .
In double mutant Ptpn6 me-v/me-v Rag1 Ϫ/Ϫ mice, which lack B and T cells and cannot generate autoantibodies, severe inflammatory lesions still develop, in which macrophages and granulocytes infiltrate healthy tissues. This indicates that chronic inflammatory disease progression in Ptpn6 me-v mutants does not require the adaptive immune response (13) . However, mice lacking Ptpn6 expression only in B lymphocytes develop both autoimmunity and chronic inflammatory disease, as evidenced by increased levels of serum immunoglobulins reactive to singleand double-stranded DNA, lymphocytic infiltrates of the lung and liver, and glomerulonephritis (14) . These data indicate that SHP1 deficiency need affect only B cells to cause autoimmunity featuring autoantibody production. Augmented cytokine production or signaling has been proposed to contribute to the development of disease in motheaten mutants (15, 16) .
Here, we describe a hypomorphic allele of Ptpn6 (m1Btlr, designated spin) detected because it elicits chronic inflammatory and autoimmune disease. By testing the suppressive effects of mutations at other loci and deriving the mice into a germ-free (GF) environment, we have concluded that the inflammatory phenotype requires MyD88, IRAK4, and the IL-1 receptor, but not type I or type II IFNs, or TNF. Inflammation cannot be expressed in the absence of commensal microbes.
Results spin Phenotype.
A recessive inflammatory phenotype (called spin to denote spontaneous inflammation) was observed in a G3 mouse homozygous for mutations induced by N-ethyl-Nnitrosourea (ENU) on a pure C57BL/6J background. The plantar surfaces of the feet develop inflamed, raw, weeping lesions ( Fig. 1) . By following this visible phenotype, a homozygous stock of spin mutants was established. On the C57BL/6 background, inflammation is 90% penetrant in both males and females scored between 10 and 25 weeks of age. Histological examination of the feet revealed thickening of the epidermis, microabscesses in the epidermal and dermal layers, bone marrow hyperplasia, and a neutrophilic infiltrate in the dermal layer [supporting information (SI) Fig. S1 A-D] . Mixed inflammatory infiltrates were also noted in the salivary glands ( Fig. S1 E and F) and lungs ( Fig. S1 G and H) of spin mice.
Before 5 weeks of age, spin mice show no signs of foot inflammation and have normal frequencies and total numbers of myeloid and erythroid cells in the bone marrow, spleen, and peripheral blood (Table S1 ). However, the appearance of foot lesions by 6 weeks of age is associated with development of splenomegaly, an increased number of erythroid and myeloid cells in the spleen, and a paucity of mature B cells in the peripheral blood, spleen, and bone marrow (Tables S1 and S2) . Elevated levels of serum polyclonal IgM, IgG, and antichromatin IgM and IgG are also evident in spin homozygotes (see Fig. 4 ), demonstrating an autoimmune component of the disease. The inflammatory phenotype is conferred by hematopoietic precursors, as proven by the outcome of reciprocal bone marrow transplantation between spin homozygotes and WT congenic C57BL/6J Ly5.1ϩ mice (data not shown).
spin homozygotes showed augmented resistance to infection by Listeria monocytogenes. This was manifested by diminished bacterial burden in spin mutants on days 2 and 3 after inoculation with the bacteria at doses sublethal (10 5 cfu) or lethal (5 ϫ 10 5 or 10 6 cfu) for WT mice ( Fig. 2 A and B) and by enhanced survival (Table S3) . spin mutants exhibited normal natural killer (NK) cell function in vivo and normal resistance to mouse cytomegalovirus (MCMV) (data not shown). Hence, the inflammatory and autoimmune phenotypes are not associated with demonstrable immunodeficiency. In addition, thioglycolateelicited peritoneal macrophages derived from spin homozygotes showed normal TNF production in response to a range of TLR activating stimuli (Fig. 2C) . Similarly, pro-IL-1␤ production, the degradation of IB, and the phosphorylation of MAP kinases p38, p42, and p44 were all normal over time in bone marrowderived macrophages stimulated with LPS (Fig. 2D ). These observations suggest that microbe sensing via the TLR signaling pathways is not exaggerated in spin-derived macrophages.
Positional Cloning of spin. The spin phenotype was mapped on 155 meioses to a 6.2-Mb region of distal Chr. 6 ( Fig. S2 A and B) . Within the critical region was the Ptpn6 locus, a strong candidate, because plantar inflammation was reported in mice homozygous for the me-v allele (9, 10). The Ptpn6 cDNA was sequenced, and a T to A transversion predicting the amino acid substitution Y208N was identified (Fig. S2C) . The mutation was confirmed at the genomic level by restriction enzyme digestion (Fig. 3) Ptpn6 encodes the cytoplasmic protein tyrosine phosphatase SHP1, which contains two tandem N-terminal SH2 domains, a central catalytic domain, and a C-terminal tail. The binding The bacterial load, depicted as luminescence in photons per second, was determined 2 and 3 days after infection. Tnfrsf1a-deficient mice succumbed within 3 days of infection. One-way ANOVA and post-hoc Student-Newman-Keuls test, P Ͻ 0.05 for C57BL/6J vs. spin homozygotes on day 3 after infection with 5 ϫ 10 5 cfu, and P Ͻ 0.05 for spin homozygous or C57BL/6J vs. Tnfrsf1a Ϫ/Ϫ mice on day 2 after infection with 10 6 cfu. (C) TNF production by peritoneal macrophages isolated from C57BL/6J or spin homozygous mice was measured in vitro in response to treatment with the indicated concentrations of TLR3, TLR2/1, or TLR4 ligands (poly I:C, Pam 3CSK4, or lipopolysaccharide, respectively). TNF production was comparable between C57BL6/J and spin macrophages. The average response of cells from seven C57BL6/J and seven spin homozygous mice is plotted; error bars represent SD. (D) LPS-stimulated pro-IL-1␤ production, IB degradation, and phosphorylation of MAP kinases p38, p42, and p44 in bone marrow-derived macrophages from C57BL/6J or spin homozygous mice were compared by Western blotting of lysates made at the indicated timepoints after LPS treatment in vitro. WT and spin macrophages responded similarly to LPS stimulation. specificity of phosphotyrosine-containing proteins for the SH2 domains of SHP proteins is known to depend critically on the three residues C-terminal to the phosphotyrosine (designated pY ϩ 1 to pY ϩ 3) (17, 18) . The spin mutation occurs in the C-terminal SH2 domain, within the BG loop that forms part of the binding interface with pY ϩ 1 and pY ϩ 3 residues. The N-terminal SH2 domain is thought to undergo a conformational change that unblocks the catalytic domain upon engagement, allowing phosphatase activation (19) (20) (21) . The C-terminal SH2 domain is not required for this disinhibition, but its presence is indispensable for optimal SHP signaling, and it has been proposed to aid in recruitment of binding partners. spin allele likely encodes a protein with a specific activity that falls between 20% and 50% of the WT level. No differences in SHP1 protein levels were noted between C57BL/6J and spin macrophages when either untreated or stimulated with LPS ( Fig. 3B) .
MyD88, IRAK4, or IL-1R Mutations Suppress the spin Phenotype. The constant exposure of the feet to microbial stimuli and the prominent plantar distribution of inflammation suggested a pathogenic mechanism in which minor trauma and infection might incite an exaggerated inflammatory response in spin mice. Microbe sensing occurs largely through TLRs, and we tested the hypothesis that TLR-mediated signals might initiate an inflammatory response in spin mutants. We created compound homozygous mutants, combining Myd88 poc (22) , Irak4 otiose (a functionally null allele), or Ticam1
Lps2 (23) with Ptpn6 spin on a pure C57BL/6J background. Defective MyD88 signaling completely suppressed plantar inflammation in Ptpn6 spin/spin mice (Table 1) . Moreover, MyD88 deficiency suppressed elevation of total IgM and antichromatin IgM in the serum (Fig. 4 A and C) . Whereas serum IgG levels are insignificantly elevated in Ptpn6 spin/spin mice, antichromatin IgG is significantly elevated. Homozygosity for the Myd88 poc mutation suppressed this phenotype (Fig. 4 B and  D) . IRAK4 is required for MyD88-dependent signaling, whereas TICAM1 (TRIF) is required for MyD88-independent signaling. IRAK4 deficiency suppressed inflammation in Ptpn6 spin/spin mice, but TICAM1 deficiency did not (Table 1 ). MyD88-dependent (but not -independent) signaling is thus required for the development of chronic plantar inflammation caused by the Ptpn6 spin mutation. MyD88-dependent TLR signaling elicits the production of several proinflammatory cytokines, including IFN␣, TNF, and IL-1. To determine whether signaling initiated by one or more of these cytokines is required for the inflammatory phenotype in spin mice, we generated compound homozygotes for spin and mutations blocking IFN, TNF, or IL-1 signaling.
No suppression of the inflammatory phenotype was observed when a functionally null allele of Stat1 (m1Btlr or domino) was used to block both types I and II IFN signaling in spin homozygotes (Table 1) . Consistent with this result, we found no defect in the magnitude or duration of STAT1 phosphorylation in response to IFN␤ or IFN␥ stimulation of homozygous spin macrophages (Fig. S3) . Compound homozygosity for Ptpn6 spin and a null allele of Tnf also failed to suppress inflammation (Table 1 ). In contrast, inflammation was fully suppressed in Ptpn6 spin/spin Il1r1 -/Ϫ mice that lack IL-1␣ and IL-1␤ signaling (Fig. 5) . These data support the conclusion that SHP1 normally limits IL-1 signaling, and in the absence of SHP1, IL-1 signaling causes inflammatory disease.
IL-1 signaling requires MyD88 and IRAK4. Although the MyD88-independent pathway contributes to IL-1 production, it is not primarily responsible for the inflammatory phenotype of spin mice, because TICAM1 deficiency fails to suppress disease in spin homozygotes. Our finding that SHP1 limits neither TNF nor IL-1 production in macrophages activated by TLR ligands (Fig. 2 C and D) may be interpreted in two ways, neither of which excludes the other. First, SHP1 may selectively dampen IL-1 signaling but not TLR signaling. Second, the IL-1-dependent process that causes inflammation may be limited by SHP1 in a cell type other than macrophages.
Normal Microbiota Required for Inflammation in spin Mutants.
MyD88 signaling is prompted both by endogenous molecules (e.g., IL-1, IL-18, IL-33, extracellular matrix components, and/or DNA or RNA) and by microbial signature molecules detected via TLRs (2). To determine whether microbes drive inflammation in Ptpn6 spin/spin mice, we derived these animals into a GF environment by Caesarian section of near-term females. In the absence of normal commensal flora, the phenotype was not expressed. Zero of three 20-week old GF Ptpn6 spin/spin mice have developed plantar inflammation. Extensive histological analysis of the feet, kidney, liver, lung, lymph node, pancreas, and salivary gland from these mice revealed no lesions (Fig. 6 A and C and data not shown). Total serum IgM, IgG, and antichromatin antibody levels were also comparable between GF Ptpn6 spin/spin and control C57BL/6 GF mice (Fig. 6 E-H) . Two 20-week-old GF Ptpn6 spin/spin mice were conventionalized by transfer into standard housing conditions. Both developed plantar inflammation, as evidenced by epidermal ulcerations and disruption of the dermis by cellular inflammatory exudate and a leukocyte infiltrate (Fig. 6B) . Bone marrow hyperplasia was observed (Fig.  6D ). Both conventionalized Ptpn6 spin/spin mice also developed increased serum levels of total IgM, IgG, and antichromatin antibodies within 6-12 weeks (Fig. 6 E-H) . Therefore, the chronic inflammation and autoimmunity of Ptpn6 spin/spin mice are not endogenously driven but instead depend on the presence of microbes introduced during postnatal life.
Discussion
The development of disease in Ptpn6 me-v/me-v mice has been suggested to stem from the increased production and/or signaling of proinflammatory cytokines. Elevated levels of TNF or TNF mRNA have been reported in the sera and cells of
Ptpn6
me-v/me-v relative to WT mice (15, (24) (25) (26) . Anti-TNF antibody administration reduced lung tissue injury in Ptpn6 me/me bone marrow chimeras (25) , and treatment with soluble TNF receptor reduced dermatitis, pneumonitis, and inflammatory lesions of the extremities in Ptpn6 me/me mice (27) . SHP1 has also been implicated in the down-regulation of signaling elicited by type I IFN (e.g., JAK1 and STAT1 activation) (16) . Strikingly, we found that neither STAT1 nor TNF deficiency attenuates disease in spin homozygotes, indicating that whatever inhibitory effect SHP1 may normally have on TNF and IFN production or signaling, these cytokines do not drive the pathologic effects of SHP1 deficiency. It remains possible that the milder spin mutation does not affect TNF or IFN production or activities, whereas the more severe me and me-v mutations do.
Here, we have implicated microbe-dependent production of IL-1 and subsequent IL-1 signaling in the pathogenesis of inflammation seen in SHP1-deficient mice. In part, microbe sensing may be TLR-dependent, and MyD88 deficiency may block the sequence of events that lead to inflammation at this level. However, other sensors, including the NOD/NALP family of cytoplasmic receptors and/or the RIG-I-like helicases, also stimulate production of IL-1. Because IL-1 (but not TNF or type I or II IFNs) appears to be essential for the development of inflammatory disease in spin homozygotes, MyD88 deficiency may suppress the spin phenotype by preventing IL-1 signaling. IL-1 signaling is known to be an essential element in the development of several severe inflammatory diseases, including NOMID, familial cold autoinflammatory syndrome (4), and certain cases of rheumatoid arthritis (28) . We suggest here that it also mediates disease observed in mice with hypomorphic mutations affecting SHP1.
Our data suggest that SHP1 limits IL-1-dependent signaling events that cause both autoinf lammatory and autoimmune disease. IL-1 signaling and signaling from many of the TLRs depend on MyD88, IRAK4, to some extent IRAK1, TRAF6, the E2 ligase complex Ubc13/Uev1A (29), TAK1, TAB1, and components of the IKK complex, all of which represent candidate substrates for SHP1. Inf lammation in spin mice is suppressed by MyD88 but not TICAM1 deficiency. An et al. (26) recently reported that SHP1 inhibits IRAK1 in a phosphatase-independent manner by directly binding to the kinase domain of IRAK1, to promote TLR-dependent type I IFN production. However, we find no requirement for IFN signaling in the inf lammatory phenotype of Ptpn6 spin/spin mice or evidence that the phenotype is exaggerated in the absence of IFN signaling.
Previously, the motheaten phenotype was reported to occur under specific pathogen-free (SPF) conditions (12, 30) . Our findings indicate that SPF conditions are insufficient to eliminate the relevant microbial drivers of the phenotype, and that authentic GF conditions are necessary. The dual requirement for a genetic lesion and a suitable microbial driver in the pathogen- esis of inflammation has been observed in other settings. For example, the severe inflammation observed in hemophagocytic lymphohistiocytosis (HLH) has been shown to result from mutations that prevent exocytosis of toxic granules from lymphoid cells (e.g., in Unc13d, Rab27a) but is manifested only in the presence of an infectious driver such as lymphocytic choriomeningitis virus (LCMV) (31, 32) . The sustained inflammatory disease observed in HLH caused by lesions affecting the exocytic machinery is presumed to result from failure to eradicate the causal microbe, which accumulates in vivo and stimulates expansion of antigen-specific lymphoid clones. These, in turn, drive the expansion of myeloid cells that both present antigen and cause tissue injury. In the case of Ptpn6 spin , we suggest that instead, microbes initiate innate immune signaling via the TLR3MyD88/IRAK4 axis, which leads to IL-1 production.
Signaling via the IL-1R3MyD88/IRAK4 axis causes chronic inflammation. It is likely that autoimmunity results from utilization of the same pathways. The cellular executors of inflammation and autoimmunity in SHP1 deficiency remain to be determined.
Materials and Methods
Mice and Genetic Mapping. C57BL/6J mice bred at The Scripps Research Institute (TSRI) were injected with ENU, as described (33) Histology. For histological analysis, tissues were fixed in 10% buffered formalin. Paraffin-embedded sections were stained with haematoxylin/eosin.
Analysis of Hematopoietic Cell Populations.
Hematopoietic cell populations were monitored by microscopic examination of cells after May-Grü nwald Giemsa staining or by flow cytometry by using antibodies specific for CD3, CD4, CD8, B220, Gr1, Mac1, Ter119, and IgM (eBioscience).
Serology. Total and antichromatin IgM and IgG serum antibody concentrations were calculated by ELISA, as described (34) . Mouse serum with known concentrations of Ig (Nordic Immunological Laboratories) was used as a standard.
NK Cell Function Assay.
To test NK cell function in vivo, C57BL/6J control and b2m-deficient target splenocytes were labeled with low (20-M) and high (200-M) concentrations of carboxyfluorescein diacetate, succinimidyl ester, respectively, at room temperature for 10 min. Cells were washed and resuspended at 5 ϫ 10 7 cells per ml. Control and target cell populations were mixed at a 1:1 ratio and injected intravenously. Mice were bled 36 h postinjection, and peripheral blood mononuclear cells were analyzed for CFSE staining by flow cytometry. The ratio of target:control was used to determine the killing efficiency.
MCMV and L. monocytogenes Infections and Measurement of Macrophage
Responses to TLR Ligands. MCMV (Smith strain, 10 5 , 5 ϫ 10 5 , or 10 6 pfu) were injected i.p. to establish infection. A plaque assay using subconfluent NIH 3T3 cell layers was used to determine the viral titer in the spleen of infected animals. Serum IFN␥, IL-6, TNF␣, IL-12/23 p40, and IL-12p70 levels were measured 36 h postinfection by ELISA (eBioscience). For in vivo challenge with L. monocytogenes (strain 10403S; Xenogen), 10 5 , 5 ϫ 10 5 , or 10 6 cfu of bioluminescent bacteria were prepared and injected intravenously as described in ref. 35 . TNF␣ production by thioglycolate-elicited peritoneal macrophages was measured by L929 bioassay after stimulation with TLR-activating ligands for 4 h as described in ref. 35 . Pro-IL-1␤, MAPK phosphorylation, and MAPK proteins were measured in lysates derived from 4 ϫ 10 6 bone marrow-derived macrophages grown by using L-929 cell conditioned medium and stimulated with 10 ng/ml LPS (Alexis). Blots were probed with antibodies against IL-1␤ (R&D Systems), tubulin (Sigma), phospho-IB, IB, phospho-p38, p38, phospho-p42/44, and p42/44 (Cell Signaling). D) . The feet of conventionalized mice are inflamed, with epidermal ulcerations displaying superficial necrosis and a leukocyte infiltrate (B), whereas GF mice display no foot inflammation (A). The cellularity of the bone marrow is increased in conventionalized mice, with numerous hematopoietic cells and granuloma-like structures (D). The bone marrow of GF mice appears normal (C). Sections are magnified ϫ20 (A and B) and ϫ40 (C and D). (E-H) The levels of serum polyclonal IgM (E) or IgG (F) and antichromatin IgM (G) or antichromatin IgG (H) were measured 6 -12 weeks after mice housed in GF conditions were conventionalized by introduction into SPF conditions. GF conditions suppressed the elevated levels of immunoglobulins and anti-chromatin immunoglobulins found in Ptpn6 spin/spin mice housed in SPF conditions. ** , Student's t test, P Ͻ 0.05 for GF Ptpn6 spin/spin mice vs. specific pathogen-free Ptpn6 spin/spin mice.
Immunoblotting. Western blot analysis was performed by using standard methods as described in SI Materials and Methods. PCR Primers Used for Genotyping. Mice were genotyped by using PCR followed by either restriction enzyme digestion or sequencing as described in SI Materials and Methods. 
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